Broad research is underway on developing transformational solvents that can capture of CO 2 from flue gas with lower energy compared to aqueous amines. Water-lean, or non-aqueous, solvents are being considered as a class of transformational solvents due to the prospect of lower energy duties by not having to heat and condense water. To date, little is known about the real world performance of water-lean solvent systems compared to commercial aqueous amine technologies, and whether or not they can utilize existing or at least similar processing infrastructure. This paper provides the key results from a comprehensive three-year study of the water-lean CO 2 -Binding Organic Liquids (CO 2 BOL) solvent platform coupled with Polarity-Swing Assisted Regeneration (PSAR). We present here thermodynamic, kinetic, and bench-scale data, followed by Aspen Plus projections of full-scale process performance for three CO 2 BOL/PSAR cases. This paper also provides discussions on materials performance and identifies viscosity as a critical property that most greatly limits the viability of water-lean solvent platforms. We provide results from a new effort spanning molecular modeling and synthesis and experimental testing to decipher the critical material properties needed to address this challenge. We conclude with implications for development of other water-lean solvent systems.
Introduction
Aqueous amines are considered the benchmark for solvent-based CO 2 separations from mixed gas streams, and they are considered the most likely "first generation" carbon capture technology for treating global flue gas sources. While aqueous amines are the most mature technology available for carbon capture, the associated energy requirements are estimated be nearly one third of a typical coal-fired power plant output [1] . In order to reduce overall energy penalties the DOE has focused research and development activities on a broad set of solutions, including "transformational" solvent systems. Such solvent platforms include nano-material organic hybrids (NOHMs) [2] , task-specific [3] , protic [4] and reversible ionic liquids [5] , phase change solvents [6] and CO 2 BOLs [7] . While the chemistries of each of class of solvents are molecularly different, their conceptual operation is the same in that they are designed to operate with little or no water as a solvent. The reduction of water load in a capture solvent could provide considerable reductions in heat load since the energy required to boil and condense water is diminished, potentially up to 40% in energy compared to aqueous amine options.
The CO 2 BOL solvent platform operates on the principles of switchable ionic liquid technology pioneered by Jessop [8] . The unique chemistries available to CO 2 BOLs allows for a Polarity Swing Assisted Regeneration (PSAR) to aid in CO 2 removal, or regeneration [9] . Here, a chemically inert "anti-solvent" is added to the CO 2 -rich form of the CO 2 BOL to decrease the polarity of the solvent changing the free energies of solvation of the CO 2 -anions and forcing CO 2 release. The most recent CO 2 BOL derivative is based on the alkanolguanidine [1-((1,3-dimethylimidazolidin-2-ylidene)amino)propan-2-ol] (Figure 1 ) [10] . This derivative was recently subjected to a comprehensive three-year study encompassing molecular synthesis, characterization, preliminary toxicology, physical, thermodynamic and kinetic property measurements, Aspen Plus™ modeling and bench-scale testing for a thermal and PSAR cases. One challenge with studying water-lean solvents is that there is little known about translating the kinetic and thermodynamic behavior since current approaches are based on aqueous solvent systems and theory. As a result, our studies focused on developing and validating new electrolyte Aspen Plus™ models to quantify water-lean solvent behavior. This effort revealed extreme sensitivities in thermodynamic performance to ion activity coefficients and the dielectric strength of the capture solvent [9] . Further, our analysis showed comparable liquid phase mass transfer coefficients for the CO 2 BOLs solvent and 5 M MEA, despite viscosities being over ten times as higher. While a new understanding was gained from this study, the authors concede there remains far more that needs to be learned about CO 2 BOLs and similar transformational solvent systems.
Results and discussion

Bench Scale Results of Current Formulation
Thermodynamic and kinetic models of IPADM-2-BOL were developed using data from PTx and wetted wall testing data. Bench-scale testing of the CO 2 BOL solvent confirmed the ability to remove 90% of the CO 2 with acceptable liquid-to-gas ratios in the absorber (2-4). Our bench scale testing also validated continuous operation of the PSAR, using decane antisolvent, exhibiting facilitated CO 2 stripping with minimal impact on absorption performance. Full-scale process models were next created in Aspen Plus and compared to NETL's case 10 baseline [1] (Table 1 ). The first CO 2 BOL case assumed a rich viscosity of 356 cP while the second case ran to 578 cP. These two cases were compared to a hypothetical third case with a projected a rich viscosity of 20 cP assuming future solvent improvements. Energetic projections from these cases show reboiler duties in the range of 870-1107 btu/lb CO 2 depending on the configuration, translating to 19-36% decreases in parasitic power from CO 2 capture and compression versus the NETL reference case for MEA (Table 1) . ASPEN Plus™ simulations of the three CO 2 BOL cases project significantly reduced reboiler duty coupled with a higher net power output, at the expense of capital costs. To keep rich solvent viscosity to a manageable level, the CO 2 BOL could not be run at its optimal thermodynamic performance range (0.25-0.5 moles CO 2 /BOL) [9] , and the process has to run at a lower difference between rich and lean loadings. This less optimal configuration results in a higher solvent circulation rate and higher reboiler temperatures. It should be noted that while the viscosity did not hinder mass transfer of CO 2 BOLs as much as anticipated with respect to absorption, the impacts of high viscosity to heat exchange, which when combined with the low thermal conductivity of organic solvents, increased the required cross exchanger surface area significantly, in addition to other heat exchange surfaces. Furthermore, viscosity limitations for this formulation directly impact capital projections, making the process too costly for commercialization. Therefore, decreasing the viscosity a higher CO 2 loading is the most critical issue needed to assess the cost effectiveness of transformational solvent systems. Fortunately, this molecule was the first of potentially thousands of CO 2 BOL molecules that can be studied, thus there is enormous potential for continued progress towards achieving higher performance projections with continued molecular refinement.
Towards Viscosity Reduction
High viscosities translate into higher CAPEX and OPEX of a power plant, and these implications expand to all other water lean or concentrated solvent platforms unlike first-generation and advanced amines such as MEA or piperazine have viscosities below 10 cP. Transformational solvents (including CO 2 BOLs) have significantly higher viscosities, ranging from the low of ~140 cP (Notre Dame's AHA ionic liquids) [11] , ~500 cP for CO 2 BOLs, to >1,000 cP for hydroxylated amidines (HAAMS) [12] . If the fundamental molecular level interactions of water-lean or concentrated solvents can be studied, better solvents of each respective class can be made. The challenge however is that it is impossible to design and test the thousands of potential molecules and a more rational design approach is needed to make any substantial progress towards molecular design.
For this reason, our team is undertaking a Model-Make-Measure logic sequence based on PNNL's CO 2 BOLs solvent platform (Figure 2 ). Rather than rely solely on molecular modelling, a considerable component of work will focus on synthesis and characterization of candidate molecules, which would then be subjected to benchscale testing for process projections. This approach spans all the way from fundamental molecular understandings and bench-scale testing and analysis. Currently the current baseline CO 2 BOLs formulation of [1-((1,3-dimethylimidazolidin-2-ylidene)amino)propan-2-ol] is being systematically manipulated structurally, synthesized, and characterized to identify a viable candidate with a CO 2 -loaded viscosity below 50 cP. Data from each new variant is being used to develop a fundamental understanding of how molecular structure impacts viscosity in transformational solvent systems. 
Molecular Design
The first component of assessing water-lean transformational solvent systems is molecular design. Critical factors of molecular design include the retaining the strongly basic guanidine core to ensure a high enough heat of solution to retain 90% CO 2 capture. Capture efficiency is based on heat of solution, as the guanidine core can capture 99% CO 2 under equilibrium conditions with a heat of solution of 80 kJ/mol [9] , while less basic amidines such as DBU cannot capture 90% CO 2 due to their lower heats of solution of 60 kJ/mol. Another critical design feature for solvents include the guanidine ring, which is used to prevent hydrolysis and other chemical degradation pathways of the guanidine central carbon. With the exception of these two critical metrics, the structure of the guanidine core can be changed almost limitlessly.
It is known that the major factors that contribute to high viscosity in solutions are hydrogen bonding and the cation-anion electrostatic interactions in the ionic CO 2 -rich phase [13] . Low viscosity can, therefore, in principle be achieved if these interactions can be systematically minimized. Figure 3 shows two representative CO 2 BOL generic structures that demonstrate the varied degrees of molecular optimization strategies for reducing viscosity of this formulation. Systematic studies of each molecular variation are currently being performed. Our team has identified the effects of intra versus intermolecular hydrogen bonding between the guanidinium alkylcarbonate ions in the (CO 2 -rich form of the CO 2 BOL) as a starting point. Next, the team will investigate the impacts of steric bulk on the anion, minimizing the cation-anion electrostatic interactions. Third, fine-tuning the electronics of the anion will be done in order to make a weaker coordinating anion, also decreasing cation anion interactions. The penultimate level of refinement will explore the impacts of charge solvation by ethereal linkages and other coordinating moieties. Lastly, the ring size of the guanidine cores will be studied, with the goal of breaking symmetry by using lesssymmetric six-membered or seven-membered rings of the guanidine cores. 
Current Synthesis and Characterization
Each candidate molecule will be synthesized to assess the impacts of each molecular variation to compare the physical and thermodynamic properties of real molecules to molecular projections. Libraries of 100 potential CO 2 BOL candidates have been designed for each respective optimization strategies (ie inter VS intramolecular hydrogen bonding, heteroatoms etc…) off of the cyclic 5-member ring in the guanidine core used in the current formulation. Each library will enable a 10x10 matrix to systematically identify structural features that critically impact viscosity. Synthesis of representative molecules from each class is on going to provide a reference compound (physical and thermodynamic properties) for validation of molecular simulations of at least one compound in each respective class. Representative target molecules were synthesized via our already established one step condensation approach involving the reaction of Vilsmeier salts with alkanol amines in the presence of triethylamine utilizing dichloromethane solvent to furnish alkanol guanidines (Figure 4) [10] . The CO 2 free and rich products were characterized using 1 H and 13 C NMR and FTIR. Gravimetric CO 2 uptake and viscosity measurements were obtained using standard procedures [10] . One viscosity strategy involves reduction of the electrostatic cation-anion interaction and fine-tuning the electronics in the CO 2 rich liquid. To this end we selected initial CO 2 BOLs synthetic targets comprising of silane (1-SiIPADM-2-BOL), fluorine (1-TFIPADM-2-BOL), and bulky tert-butyl groups (IPADtB-2-BOL) ( Figure 5 ). We chose the silane based (1-SiIPADM-2-BOL) on the premise that silicon centers are oxo-philic and thus will form a dative bond with carbonate anion thus weakening the cation-anion interaction and subsequently reducing the viscosity. Fluorine based solvents have been shown to have low viscosity and thus we chose to initially synthesize this derivative. The synthesis of 1-SiIPADM-2-BOL has been achieved in milligram scale and characterized using NMR analysis.
Steric effect on cation
Tune electronic structure of anion Carbon dioxide capture ability of 1-SiIPADM-2-BOL was evaluated by both 1 H and 13 C NMR spectroscopy. The most diagnostic spectral data was from the 13 C NMR shown in Figure 6 . The CO 2 free 1-SiIPADM-2-BOL signals are consistent with previously observed for alkanolguanidines with guanidine carbon at 162.0 ppm. The characteristic peaks in CO 2 bound 1-SiIPADM-2-BOL indicated a downfield shift for the signal corresponding to -C=N-from 162.0 to 164.6 ppm which is consistent with our previous report. However, an up-field chemical shift was observed for -CH 2 O-from 70.1 to 67.0 ppm, which could be attributed to the shielding effect of the silyl group. Scale up of this 1-SiIPADM-2-BOL to avail enough material for comprehensive properties such as viscosity, density, vapour pressure, heat capacity and kinetic and thermodynamic bench scale testing is underway. Continual synthesis of other representative CO 2 BOLs via this route enables enough material for continuous validation and refinement of the molecular modelling used to project performance of candidate molecules.
Molecular modelling
Molecular simulations of CO 2 BOLs in the condensed phase have been started. Initial quantum chemical calculations provide detailed and reliable information about chemical reactivity that enables to estimate heats of adsorption, acid base equilibrium, and charge distribution for a given target application. For a series of both target and known species, optimized structure geometries and electrostatic potential (ESP) charges were obtained using Gaussian [14] with the M06L functional [15] and the 6-31++G** basis set. The molecular parameters obtained (most specifically the atomic charges), and the OPLS all-atom force field [16] , are used to model the CO 2 BOLs in classical molecular dynamics simulations of the liquid state. Quantum chemistry allows determination of the species that can result from the binding and activation of CO 2 , for example alkyl carbonates. However, the combination of quantum chemistry with classical molecular dynamics allows us to obtain a microscopic picture of the liquid, i.e. determine which species are present and how their intermolecular-interactions may impact viscosity.
To date, we have performed simulations for validation and verification of our simulation model and protocol on the species [1-((1,3-dimethylimidazolidin-2-ylidene)amino)propan-2-ol] (See Figure 1 , abbreviated IPADM-2-BOL). Previous thermodynamic modelling done with Aspen Plus TM assumed IPADM-2-BOL in a zwitterionic form at high CO 2 loading. Quantum chemical calculations confirm that such conformation is very likely the energetically preferential species upon binding CO 2 to the parent solvent species. With parameters from these calculations incorporated into the OPLS force field, the liquid state behaviour of the CO 2 BOLs was simulated using the GROMACS software [17] , which we used for all classical molecular dynamics (MD) simulations. Pure solvent of all candidate CO 2 BOLs molecules, and mixtures at various CO 2 loading states were constructed, see Figure 7 for IPADM-2-BOL as example. Initial high temperature runs were done for proper mixing, followed by simulations in the isothermal-isobaric (NPT) ensemble for at least 10 nanoseconds, and until the energy of the system and volume of the solvent box reaches steady state. Calculated densities within 4% of the experimental value signify that accurate molecular liquid structures were obtained. Viscosities were calculated from pressure fluctuations in canonical (NVT) ensemble simulations by integrating the Green-Kubo formula, as implemented in GROMACS [18] . Our liquid state simulations reproduced the experimental viscosities of IPADM-2-BOL at low CO 2 loadings (see Table 2 ), as well as the quantitative trends (within 10-30 cP) as a function of CO 2 loading, with the caveat that at the highest CO 2 loadings extremely long simulation times are required, rendering this approach prohibitive when viscosities approach the order of 1000 cP. This data strongly supports the thermodynamic modelling previously done with Aspen Plus TM that considered the CO 2 loaded species as zwitterionic in solution. Moreover these initial findings validate that one can both quantitatively and qualitatively reproduce the key quantities needed to optimize the performance of these solvent systems and use this approach to reliably tailor new solvents. Viscosity calculations are currently being performed for multiple other CO 2 BOLs of known and hypothetical structure to both further validate the model and provide the necessary structure property relationships to help identify likely candidates that retain low viscosity at higher CO 2 loading. IPADM-2-BOL at 50% mol CO2 loading ~3000 >600
Conclusions
ASPEN Plus™ simulations of 550 MW coal-fired power plant with CO 2 BOLs/PSAR show significant reductions in reboiler duty and associated parasitic power for CO 2 capture compared to the NETL reference case for MEA. However, high viscosities of the loaded solvent lead to capital cost impracticalities that must first be overcome. High viscosities can also lead to suboptimal operating configurations, such as higher solvent circulation rates and A B C D higher reboiler temperatures. In order to address this challenge we are developing methodologies to predict materials performance to augment systematic synthesis and testing potential solvent derivatives. We have shown that molecular design coupled with condensed phase molecular simulations offers to the most feasible, rapid and reliable method to predict the viscosity of water-lean solvent platforms. Libraries of specific molecular variations are being made to systematically evaluate the impacts of hydrogen bonding, cation-anion interactions and ion solvation on viscosity. Preliminary molecular simulations have demonstrated near quantitative predicted viscosities, within 10-30 cP of experimental values. This rapid yet accurate prediction tool will aid in continued refinement of molecules not just for CO 2 BOLs, but other transformational solvents as well. The coupling between logical molecular design and molecular simulations will ultimately improve our understanding of viscosity and how to reduce it in order to design better performing solvent systems.
